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BMDMs in metabolic memory impair fracture 2
healing in diabetes

Dong Zhang'", Changjiang Liu', Ying Yuan', Junwei Su', Zheng Wang', Chao Jian'" and Aixi Yu'"

Abstract

Background The risk of fractures nonunion and delayed union in diabetes mellitus remains elevated despite
glucose-lowering therapies. We hypothesized that bone marrow-derived macrophages (BMDMs) can be induced in
the status of metabolic memory and still impair fracture healing when hyperglycemia stimulus disappears.

Methods Diabetic mice were divided into control (Ctrl), diabetic (DM), and diabetic with glucose control (DM/
GQ) groups. Fracture healing was assessed by micro-CT and histology, evaluating callus volume, bone volume/
total volume (BV/TV), and inflammatory markers. In vitro, bone marrow-derived macrophages (BMDMs) were
exposed to high glucose (HG) for varying periods to simulate hyperglycemia-induced metabolic memory, followed
by normalization. Pro-inflammatory cytokines and macrophage polarization (M1/M2) were assessed via ELISA and
flow cytometry. Osteogenesis and angiogenesis were evaluated in co-culture assays. RNA-seq and ATAC-seq were
performed to analyze gene expression and chromatin accessibility, focusing on inflammatory pathways and CEBPB.

Results All data show that BMDMs play a significant role in the sustained effects of hyperglycemia on fracture
healing even after glucose normalization in diabetic animals. Hyperglycemia-induced metabolic memory in BMDMs
resulted in increased pro-inflammatory cytokines and a higher proportion of M1 macrophages, which impaired
osteogenesis and angiogenesis. The co-culture medium from BMDMs in metabolic memory conditions suppressed
osteogenesis in BMSCs and angiogenesis in HUVECs. Integrated analysis of RNA-seq and ATAC-seq in BMDM s revealed
that inflammatory pathways were upregulated, with CEBPB identified as a key factor. Silencing CEBPB reversed these
adverse effects and enhanced fracture healing in a diabetic model.

Conclusions Our results demonstrate the reason why the glucose-lowering therapies is unsuccessful in reducing the
risk of fractures nonunion and delayed union in patients with diabetes mellitus, and shed light on a new strategy for
the disease.
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Introduction
Currently, more than 537 million people suffer from dia-
betes mellitus (DM), and the prevalence of the disease
leads to life-threatening, disabling, and costly complica-
tions, and seriously impairs life expectancy and quality
worldwide [1]. The major long-term complications of dia-
betes severely affect the eyes, heart, kidneys, and nerves
[2]. It’s known that DM and its complications are char-
acterized via hyperglycemia. People used to believe that
good glucose-lowering therapies make a favorable prog-
nosis in DM. Unfortunately, recently, data from clinical
and observational studies have shown that DM-related
complications were highly prevalent even when glucose
control was optimal and/or intensive glycemic control
was implemented [3-5]. These results signify the status
of a “memory” of the prior hyperglycemia exposure in
target cells and tissue, which leads to persistence of its
adverse effects long after glucose levels are under control.
In recent years, “metabolic memory’, which is used to
define the persistence of DM complications even after
successful glycemic control, has attracted much attention
[6]. The term highlighted the information that prior high
glucose has sustained effects that persist even after return
to more usual glycemic control in diabetes [7]. Studies
have shown that metabolic memory is involved in vari-
ous DM-related complications, such as atherosclerosis,
cardiomyopathies, heart failure, kidney disease, cardio-
vascular and diabetic foot [8—10]. Over the past decades,
extensive data and numerous cases demonstrated that
DM adversely affects fracture-healing by disturbing the
balance of bone homeostasis, and diabetic individuals
are at a greater risk of delayed union and nonunion with
a doubling of the time to healing of the fracture [11-13].
Yet, to date, whether metabolic memory exists in and
persistently harms fracture healing in diabetes, as well as
the underlying molecular mechanisms, are still unclear.
Evidence has shown that chronic low-grade inflamma-
tion contributes to diabetes-associated complications,
and abnormal immune responses in inflammation cells
might be the trigger for abnormal immune responses in
diabetes [14]. Moreover, immunometabolism, the inter-
play between cellular metabolism and immune cell func-
tion, has been recognized as a fundamental mechanism
underlying the pro-inflammatory state in diabetes [15,
16]. This emerging field provides a critical framework
to understand how metabolic changes, such as those
induced by hyperglycemia, drive immune cell dysfunc-
tion and chronic inflammation. Among these inflam-
mation cells, macrophages are regarded as a significant
mediator of inflammation primarily in the progression
of diabetes mellitus and its complications [17, 18]. They
exist in nearly all tissues and are critical for homeosta-
sis, repair, and regeneration [19]. Among them, bone
marrow-derived macrophages (BMDMs) can perform
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as niche cells to osteoblasts and to endotheliocytes, par-
ticipate in the cell-cell crosstalk and form the signaling
network to influence bone repair and regeneration via
secreting various bioactive substances [20]. More impor-
tantly, our previous and others’ studies have shown that
BMDMs are in an adverse pathological status caused
via hyperglycemia exposure, and produce inflammatory
factors including IL-1, TNF-a, iNOS, and so on, thus
impeding osteogenesis and angiogenesis, and increasing
the probabilities of an uncontrolled regulation of fracture
repair [21]. However, whether the metabolic memory
phenomenon of BMDMs exists in and impairs diabetic
fracture healing, as well as the mechanism underlying
transient hyperglycemia-induced BMDMs dysfunction
during fracture healing, remain obscure. Therefore, we
aimed to elucidate whether metabolic memory is a signif-
icant pathogenic factor during fracture repair and regen-
eration in diabetes, and its underlying mechanism from
the perspective of BMDMs.

Methods

Patient characteristics

This study was approved by the Medical Ethics Commit-
tee of Zhongnan Hospital of Wuhan University under
protocol number 2,021,007. Patients undergoing fracture
operations were recruited from Zhongnan Hospital of
Wuhan University in China during the period from July
2021 to August 2024. The enrolled patients were catego-
rized into three groups: non-diabetic, poorly controlled
diabetes, and intensively controlled diabetes.

Diabetes mellitus (DM) was verified through a review
of patients’ medical records, with or without the use of
antidiabetic medications, or as serum HbA1C levels of
> 6.5% (48 mmol/mol) at the time of enrollment in the
study, in accordance with the World Health Organization
(WHO) guidelines. Patients with HbAlc levels above
7% were classified as having poorly-controlled diabetes,
while those with HbAlc levels of 7% or below were con-
sidered to have intensively controlled diabetes [22, 23].

Diabetes induction

The animal experiments were approved via the Commit-
tee on the Ethics of Animal Experiments of Wuhan Uni-
versity. Experimental protocols were in compliance with
the guidelines of the Institutional Animal Care and Use
Committee of Wuhan University. All efforts were made
to minimize animal suffering. Mice (female, 8 weeks,
18-25 g) were randomly assigned to three groups: con-
trol group, diabetic group (DM), and diabetic group with
glucose control (DM/GC). Animals without any treat-
ment served as control group. The protocols of establish-
ing diabetic rats have been described in detail previously
[24]. Diabetic rats were induced via streptozotocin (150
mg/kg in citrate buffer with pH 4.5, Sigma, USA). One
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week later, mice with more than three random blood glu-
cose levels >16.7 mmol/l were classified as being diabetic.
After successful diabetes induction, rats in the DM group
received no glycemic control for 23 weeks. Rats in the
DM/GC groups were kept under uncontrolled hypergly-
cemia for 4, 8, or 12 weeks, respectively, followed by gly-
cemic control using insulin (8 units per day, administered
in two doses) until the end of the 23-week period.

Fracture establishment

All animals were operated under general anesthesia
using 1500 mg/kg ketamine hydrochloride before sur-
gery. After the lower Limb was shaved and disinfected,
a 1.5-cm incision was created along the proximal femur.
Next, the fascia and muscle were pushed aside to expose
the femurs. And a transverse femur shaft fracture was
created using an oscillating mini-saw. Then, a sterile
27-gauge needle was inserted for intramedullary fixation.
Finally, the incision including the subcutaneous tissue
and the skin was closed using a 5 - 0 nylon suture. Micro-
CT, histological analysis and Western blot analysis of the
fractured femurs were made 3 weeks post-operation. At
the end of the experiments, rats were humanely eutha-
nized by intraperitoneal injection of sodium pentobarbi-
tal (150 mg/kg body weight), and death was confirmed by
the absence of respiration and heartbeat, in accordance
with institutional and national ethical guidelines.

Cell culture and transfection

BMDMs were isolated and cultured following previ-
ously described methods. Briefly, bone marrow cells were
flushed via PBS from the femurs and tibias. To obtain
the BMDMs, cells were cultured in RPMI-1640 medium
(without glucose) supplemented with 10% fetal bovine
serum (FBS) 1% penicillin/streptomycin, and differenti-
ated with 25 ng/ml rat GM-CSF for 7 days, with fresh cul-
ture medium supplemented on the 4th day. The glucose
concentration in the medium was modified using a glu-
cose solution; to simulate non-diabetic and diabetic con-
ditions in vitro, cells in the normal-glucose (NG) group
were cultured in a medium containing 5.5 mM glucose,
while the medium for the high-glucose (HG) group was
adjusted to 30 mM glucose. To mimic transient hyper-
glycemia in vitro, BMDMs in the HG/NG group were
initially cultured in HG conditions for 5, 10, or 15 days,
followed by a return to NG levels until day 20. BMDMs
maintained in NG served as a model for physiological
glucose levels, while those continuously cultured in HG
represented diabetes mellitus (DM) without strict glu-
cose regulation. The hyperglycaemia-induced metabolic
memory (MM) group was first incubated in hyperglyce-
mia for 10 days and then returned the normal glucose
concentration. After 20 days of culture, BMDMs were
followed by treatment with 10 ng/mL IFN-y plus 100 ng/
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mL LPS or control media for 16 h and harvested to evalu-
ate the immunomodulation of BMDMs via ELISA, flow
cytometry and immunofluorescence.

In vitro Immunomodulation of macrophages

To evaluate macrophage polarization, BMDMs were har-
vested, washed, and resuspended in PBS containing 1%
BSA. Cells were stained with fluorochrome-conjugated
antibodies against F4/80, CD86 (M1 marker), and CD206
(M2 marker). The cells were incubated with the antibod-
ies for 30 min at 4 °C, then washed and analyzed by flow
cytometry (FACSCanto II, BD Biosciences). The data
were analyzed using FlowJo software.

The metabolic profiles of BMDMs were assessed using
the Seahorse XFe96 Extracellular Flux Analyzer (Agilent
Technologies) according to the manufacturer’s instruc-
tions. For glycolytic function analysis, extracellular acidi-
fication rate (ECAR) was measured following sequential
injections of 10 mM glucose, 1 pM oligomycin, and 50
mM 2-deoxyglucose (2-DG). For mitochondrial respira-
tion, oxygen consumption rate (OCR) was assessed after
sequential injection of 1.5 pM oligomycin, 2 pM FCCP,
and 0.5 pM rotenone/antimycin A. Cytokine levels in
the supernatants of BMDMs were measured using com-
mercially available kits, including IL-6, IL-1p, and TNF-«
ELISA kits (Elabscience, Wuhan, China). After cultur-
ing the BMDMs treated with different concentrations of
glucose, the supernatants were collected. ELISA plates
were coated with specific capture antibodies, blocked,
and incubated with the supernatants. Detection antibod-
ies conjugated to horseradish peroxidase were added, fol-
lowed by substrate for the enzyme. The optical density
(OD) was measured at 450 nm using a microplate reader,
and cytokine concentrations were determined by com-
paring OD values to a standard curve.

To assess the expression of specific markers, cells were
fixed in 4% paraformaldehyde for 15 min at room tem-
perature. After washing with phosphate-buffered saline
(PBS), permeabilization was carried out using 0.2% Tri-
ton X-100 for 10 min. Non-specific binding was blocked
with 5% bovine serum albumin (BSA) for 1 h at room
temperature. The cells were then incubated with primary
antibodies targeting CD86 (1:200) and iNOS (1:200) over-
night at 4 °C. Following incubation, the cells were washed
and incubated with appropriate fluorescently labeled
secondary antibodies for 1 h at room temperature. After
counterstaining with DAPI for nuclear visualization, the
samples were mounted on slides. The presence of CD86
and iNOS-positive cells was observed under a fluores-
cence microscope. The results demonstrated a signifi-
cant increase in CD86 and iNOS expression in BMDMs
exposed to HG in different days, suggesting an inflamma-
tory response.
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In vitro osteogenic differentiation of BMSCs

BMSCs were isolated and cultured as described previ-
ously, and identified by the morphology and flow cyto-
metric analysis. The BMSCs in the passage 3-5 were
used in the following experiments. BMSCs were cul-
tured with a mixture of conditioned BMDMs medium
and complete medium (1:1), which contained 10 mmol/L
B-glycerophosphate disodium salt, 50 pg/ml ascorbic
acid, and 10 nmol/L dexamethasone. Alkaline phospha-
tase (ALP) activity was assessed using the BCIP/NBT
staining kit based on the manufacturer’s guidelines. On
day 14, the fixed cell samples were stained with ARS solu-
tion to assess mineralization. The cells were then treated
with 10% methylpyridinium chloride for 30 min with
gentle shaking. After staining, the BMSCs were washed
with PBS and observed using microscopy. Absorbance
was then measured at 570 nm-405 nm. Following 14
days of co-culture in different groups, BMSCs were fixed
and incubated with 5% goat serum. The cells were then
exposed to primary antibodies specific to OPN (22952-
1-AP, ProteinTech) and Runx2 (D1L7F, Cell Signaling).
After applying fluorescence-conjugated secondary anti-
bodies and counterstaining with DAPI, the samples were
examined using confocal laser scanning microscopy
(CLSM; TCS SP8, Leica, Germany). The expression lev-
els of Runx2 and OCN were assessed via Western blot.
Briefly, total protein was isolated from BMSCs co-cul-
tured for 14 days using RIPA (Aspen) in accordance with
the manufacturer’s protocol. Proteins were separated by
SDS-PAGE, transferred to PVDF membranes, and incu-
bated with primary antibodies against RUNX2, OCN,
and B-tubulin. Bands were visualized using ECL and
quantified with AlphaEaseFC software.

In vitro angiogenesis of HUVECs

The effect of BMDMs on angiogenesis was determined
by Transwell and in vitro scratch wound assays. For the
scratch wound assay, when the HUVECs reached 90%
confluence, a straight scratch was created. The BMDM
media was added to stimulate the HUVEC migration.
The HUVECs cells were fixed and then stained with a
crystal violet solution for migration observation.

The vessel formation assay for HUVECs involves seed-
ing the cells in a Matrigel matrix (Matrigel, 356231,
Corning, USA) to mimic the extracellular environment.
The cells are incubated with different conditions, and
tube-like structures that form are observed and quantita-
tively analyzed. This assay assesses angiogenesis by evalu-
ating the network of vessels formed by HUVECs. Besides,
the protein expression of VEGF and CD31 was detected
by Western blotting.
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RNA isolation and RT-qPCR

Total RNA was extracted from BMDMs and tissues using
TRIzol reagent, followed by reverse transcription using
the HiScript II Q RT SuperMix for qPCR (Vazyme).
Quantitative PCR was performed with SYBR Green PCR
master mix on a StepOnePlus Real-Time PCR system
(Applied Biosystems). The relative gene expression was
calculated using the 22~2ACt method, with GAPDH as
the reference gene.

ATAC-seq and RNA-seq

For ATAC-seq, Nuclei of BMDMs in MM and NG groups
were isolated from the cells, followed by transposi-
tion with Tn5 transposase, which integrates sequencing
adapters into open chromatin regions. The transposed
DNA was then purified and amplified using PCR. The
Libraries were validated and sequenced on the Illumina
NovaSeq 6000 platform. Data were aligned to the rat
genome (Rnor_6.0) using Bowtie2, and chromatin acces-
sibility peaks were called with MACS2. Differential acces-
sibility between conditions was analyzed using DESeq2,
followed by Gene Ontology (GO) enrichment analysis
using the GREAT tool.

For RNA-seq (RNA Sequencing), total RNA was
extracted from BMDMs in MM and NG groups. RNA
integrity was checked, and libraries were prepared using
the TruSeq Stranded mRNA Library Prep Kit. Poly(A)
selection and ¢cDNA synthesis were followed by PCR
amplification. Libraries were sequenced on the Illumina
NovaSeq 6000 platform. After sequencing, reads were
aligned to the rat genome (Rnor_6.0) using STAR. Gene
expression was quantified using featureCounts, and dif-
ferential expression was analyzed with DESeq2, applying
a log2 fold change cutoff of >1 and an FDR threshold of
0.05. Gene Ontology and pathway analyses were per-
formed using DAVID or ClusterProfiler, and heatmaps
of differentially expressed genes were generated. This
approach provided insights into the regulatory mecha-
nisms underlying CEBPB-related changes in macrophage
gene expression and chromatin accessibility. Raw RNA-
seq and ATAC-seq data supporting the findings of this
study are provided in the Supplementary Files.

Western blotting analysis

For protein analysis, cells or tissue samples were lysed in
RIPA buffer containing protease and phosphatase inhibi-
tors. Protein concentration was quantified using the
BCA protein assay kit. Equal amounts of protein (30 ug)
were loaded onto SDS-PAGE gels, transferred to PVDF
membranes, and probed with primary antibodies against
CEBPB (Cell Signaling), TNF-a(Abcam), p-STAT6 (Cell
Signaling), p-JAK1 (Cell Signaling), and B-actin (Santa
Cruz). HRP-conjugated secondary antibodies were used
for detection, and protein bands were visualized using
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Fig. 1 BMDMs are involved in sustained effects of hyperglycemia on fracture healing even after glucose normalization. A Experimental design. B-C Mi-
cro-CT and quantitative analysis revealed a larger fracture gap and smaller callus volume in DM and DM/GC groups after 8 weeks of hyperglycemia.
D Histological examination of H&E, Masson’s trichrome, and Safranin O-fast green staining showed impaired healing at the fracture site in both DM and
DM/GC groups exposed to hyperglycemia for over 8 weeks. E Immunofluorescence staining revealed a significant increase in M1 macrophages in the
DM and DM/GC groups in response to sustained hyperglycemia compared to the Ctrl group. (F-G) Western blot analysis showed increased levels of pro-
inflammatory cytokines in the DM and DM/GC groups with prolonged hyperglycemia exposure. (Full-length blots/gels are presented in Supplementary
Fig. 1 A). The data were analyzed using one-way ANOVA, followed by Tukey's post-hoc test (C, F). Data are presented as the mean+SD, p>0.05, *p <0.05,

**p<0.01,**p<0.001

ECL chemiluminescence substrate. Densitometric analy-
sis was performed using Image] software.

Exosome isolation and SiRNA delivery

Exosomes were isolated from serum using ultracentri-
fugation as previously described. Briefly, serum was first
centrifuged at 3000xg for 10 min to remove cell debris.
The supernatant was then transferred to ultracentri-
fuge tubes and subjected to high-speed centrifugation
at 100,000xg for 2 h to isolate exosomes. The exosome
pellet was resuspended in PBS and stored at -80 °C
until further use. For exosome-mediated siRNA delivery,
CEBPB-specific siRNA (si-CEBPB) was loaded into exo-
somes via calcium-mediated transfection. The procedure
was performed according to the manufacturer’s instruc-
tions, with modifications to improve the transfection
efficiency. After siRNA loading, the exosome preparation
was incubated for 24 h, after which the exosomes were
collected and their efficiency confirmed by qPCR and
western blot analysis for CEBPB expression.

Immunohistochemistry assay

Bone specimens from three patient groups were collected
during surgery, and immunohistochemical analysis was
subsequently conducted. Briefly, 4 um paraffin-embed-
ded tissue sections were prepared to evaluate the expres-
sion of the CEBPB protein. The specimens were fixed in
formaldehyde and embedded in paraffin, with control
tissues processed in parallel. Decalcification was per-
formed using 10% EDTA (pH 7.4) at 4 °C for 4 weeks. Tis-
sue sections were cut into 4 um slices, deparaffinized in
xylene for 25 min, and sequentially rehydrated in graded
ethanol solutions (100%, 95%, 80%, and 70%) for 5 min
each. Antigen retrieval was performed using a 0.01 M cit-
ric acid buffer heated in a microwave for 3 min at high
power, followed by 10 min at low power. Endogenous
peroxidase activity was quenched by incubating the slides
with 3% hydrogen peroxide (H,0,) at room temperature.
After rinsing in PBS, the slides were blocked with 10%
goat serum for 30 min. Rabbit anti-human CEBPB anti-
body (1:200; Millipore, USA) was applied, and the sec-
tions were incubated overnight at 4 °C. Following three
washes in PBS, HRP-conjugated secondary antibodies
were added, and the slides were incubated at room tem-
perature for 30 min.

Micro-CT and histological analysis

After 3 weeks post-operation, the femurs were collected
and fixed in 4% paraformaldehyde overnight. Then,
micro-CT (SkyScan1276, Bruker, Belgium) was used to
assess new bone formation in fracture sites at a resolu-
tion of 40 pm with 63 kV and 200 pA. In addition, 3D
structures and bone volume/total volume (BV/TV) of the
fracture sites were used to evaluate bone regeneration. To
further evaluate osteogenesis in fracture sites, Masson,
H&E and safranin O-fast green staining were performed.
To assess the immunomodulation of BMDMs in the frac-
ture microenvironment, immunofluorescence staining
was performed with CD86 and CD206. Finally, samples
were observed via a microscope.

Statistical analysis

All data are expressed as the mean +standard deviation
(SD). Statistical analysis was performed using GraphPad
Prism software. The data were analyzed using one-way
ANOVA, followed by Tukey’s post-hoc test, or Student’s
t-test where appropriate. Differences were considered
statistically significant at p < 0.05.

Results

BMDM:s are involved in the sustained effects of
hyperglycemia on fracture even after glucose
normalization in diabetic rats

As presented in Fig. 1A, to investigate whether BMDMs
are involved in the sustained effects of hyperglycemia
on fracture even after glucose normalization in diabetic
mice, animals were divided into control group (Ctrl),
diabetic group (DM), and diabetic group with glucose
control (DM/GC). The fracture repair at the fracture site
was evaluated through micro-CT and histological exami-
nations. The micro-CT studies revealed a fracture gap
and a smaller callus volume happened in DM and DM/
GC with hyperglycemia exposure for more than 8 weeks
when compared with other groups (Fig. 1B). Quantitative
analysis of micro-CT data demonstrated that the bone
volume/total volume (BV/TV) values (Fig. 1C). As shown
in Fig. 1D, histology images for H&E, Masson, safranin
O-fast green displayed that there was a visible hindrance
in the fracture site in DM and DM/GC with hypergly-
cemia exposure for more than 8 weeks compared with
other groups. To further confirm the observed changes
of BMDMs subtypes, immunofluorescence detection
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Fig. 2 Metabolic memory and inflammatory profiles in BMDMSs induced by transient hyperglycemia. A Experimental design: BMDMs were cultured in HG
for varying durations followed by return to NG conditions for an additional day. B ELISA results showed significantly increased levels of IL-18, IL-6, TNF-a in
the HG/NG group after 10 days of HG exposure compared to the NG group. C-D Flow cytometry analysis revealed a significantly higher proportion of M1
macrophages in the HG/NG group exposed to HG for more than 10 days, while the NG and short HG exposure groups (5 days) had a higher proportion
of M2 macrophages compared to the NG group. E Immunofluorescence analysis confirmed an increase in CD86 and iNOS-positive cells in BMDMs with
prolonged HG exposure. The data were analyzed using one-way ANOVA, followed by Tukey’s post-hoc test (B, D). All experiments were repeated three
times and shown are representative data, *p>0.05, *p < 0.05, **p < 0.01, ***p < 0.001

was performed. The amount of M1 BMDMs (F4/80-
CD86) in DM and DM/GC with hyperglycemia expo-
sure 8 weeks was significantly higher than that in other
groups (Fig. 1E). In addition, immunofluorescence stain-
ing of CD206 revealed a marked reduction in fluores-
cence intensity after 8 weeks of hyperglycemia exposure,
indicating suppressed M2 polarization (Supplementary
Fig. 2B-C). Furthermore, changes in the content of cyto-
kines, including iNOS and TNF-a were measured via
western blot. As is displayed in Fig. 1F-G, compared to
other groups, the content of pro-inflammatory cyto-
kines increased in DM and DM/GC with hyperglycemia
exposure for more than 8 weeks. Altogether, all these
data indicate that BMDMs are involved in the sustained
effects of hyperglycemia on fracture even after glucose
normalization in diabetic mice.

Evidence of hyperglycaemia-induced metabolic memory

in BMDMs

As is displayed in Fig. 2A, to simulate the transient hyper-
glycemia conditions in vitro, BMDMs in HG/NG group
were first incubated BMDMs in HG for 5, 10, 15 days
and then returned to the NG concentration until 20 days;
BMDMs cultured in NG were used to simulate physi-
ological glucose levels, and cultured in HG alone were
used to characterize DM without tight glucose control.
To investigate whether transient hyperglycemia induces
metabolic memory and downstream pro-inflammatory
profiles in BMDMs, we performed Seahorse extracel-
lular flux analysis to assess their metabolic status. Fol-
lowing 10- and 15-day exposure to HG, cells exhibited a
marked increase in ECAR compared to control groups,
indicating enhanced glycolytic activity. In contrast, OCR
remained largely unchanged, suggesting minimal effects
on mitochondrial respiration. Notably, this elevated gly-
colysis persisted even after cells were returned to nor-
moglycemic conditions, supporting the existence of a
hyperglycemia-induced metabolic memory phenotype
(Supplementary Fig. 2D-E). Consistently, as shown in Fig.
2B, the results presented that protein levels of IL-1f, IL-6
and TNF-a were markedly increased in HG/NG group
with HG exposure for more than 10 days, compared to
NG group. To further evaluate the effect of the transient
hyperglycemia exposure on BMDMs, flow cytometry
was used to evaluate macrophage polarization. M1 mac-
rophages were defined as F4/80* and CD86" while M2
macrophages were defined as F4/80" and CD206" [25].

The M1 macrophage population in HG/NG group with
HG exposure for more than 10 days was also significantly
higher than other groups. In contrast, NG group and
HG/NG group with HG exposure for 5 days had signifi-
cantly more M2 macrophages than HG/NG group with
HG exposure for 10, 15, and 20 days (Fig. 2C-D). More-
over, further analysis of immunofluorescence detection
offered a similar result that a large number of CD86 and
iNOS-positive cells were observed in BMDMs with HG
exposure for more than 10 days (Fig. 2E). Therefore, all
these data suggest that BMDMs can be induced in a met-
abolic memory via HG exposure for more than 10 days,
persistently maintaining pro-inflammatory state even
after glucose normalization.

BMDM:s in hyperglycaemia-induced metabolic memory

attenuate the process of osteogenesis and angiogenesis

We next determined the effects of BMDMs in hypergly-
caemia-induced metabolic memory on the osteogenesis
of BMSCs and the angiogenesis of HUVECs. BMDMs
were divided into NG group, HG group, and MM group;
and BMDMs in MM group is were first incubated in
hyperglycaemia for 10 days and then returned the normal
glucose concentration. The osteogenesis of BMSCs in
the co-culture medium from BMDMs was evaluated by
ALP staining, ARS staining, western blot, and immuno-
fluorescence staining. The photographs shown in Fig. 3A
indicate that the co-culture medium from BMDMs in
MM and HG groups displayed the less intense ALP and
ARS staining when compared with the NG group. And
OD values were measured to quantitatively evaluate
the ALP and ARS staining; the results were consistent
with those from light microscopy (Fig. 3B). In addition,
the expression of osteogenic proteins, such as Runx2
and OCN, was evaluated to validate the osteogenic dif-
ferentiation of BMSCs in the co-culture medium from
BMDMs in different groups. As exhibited in Fig. 3C-D,
significantly down-regulated expression of these proteins
was measured in MM and HG groups relative to that in
the NG group. Furthermore, Immunofluorescence stain-
ing also confirmed that BMSCs cultured in the co-culture
medium from BMDMs in MM and HG groups expressed
lower levels of Runx2 and OPN. All those results dem-
onstrate that BMDM in hyperglycaemia-induced meta-
bolic memory attenuates the osteogenic differentiation
of BMSCs. To assess the effect of the co-culture medium
from BMDMs in different groups on angiogenesis, many
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Fig. 3 Effects of BMDMs in hyperglycemia-induced metabolic memory on osteogenesis and angiogenesis. A ALP and ARS staining of BMSCs co-cultured
with BMDMs from NG, HG, and MM groups. B The statistical data of Alizarin red staining and ALP staining. C-D Western blot analysis revealed significantly
downregulated osteogenic markers Runx2 and OCN in the MM and HG groups compared to the NG group. (Full-length blots/gels are presented in
Supplementary Fig. 1B). E Immunofluorescence staining showed lower expression of Runx2 and OPN in BMSCs cultured with medium from MM and
HG BMDM:s. F-G Representative fluorescence images and quantitative analysis of HUVEC tube formation after the cells were co-cultured with BMDMs in
different groups. H-1 Migration ability of HUVECs and quantitative analysis in NG, HG, and MM groups. J-K Western blotting analysis of VEGF and CD31.
(Full-length blots/gels are presented in Supplementary Fig. 1 C). The data were analyzed using one-way ANOVA, followed by Tukey's post-hoc test (B, E, G,
I, K). All experiments were repeated three times and shown are representative data, *p>0.05, *p <0.05, **p <0.01, ***p < 0.001

biological function assessments, such as HUVEC tube
formation, scratch wound healing assays and western
blot. As shown in Fig. 3F-I, the co-culture medium in
MM and HG groups impaired the migration and tube
formation of HUVECs. These changes are very harmful
to angiogenesis during fracture healing and repair. More-
over, as shown by Western blot, the angiogenesis-related
genes, including VEGF and CD31 were downregulated
in MM and HG groups in comparison with NG group.
These data indicate that BMDMs in hyperglycaemia-
induced metabolic memory may cause a harmful micro-
environment for fracture healing and repair.

Transcriptional analysis shows that inflammatory factors
are associated with the hyperglycaemia-induced metabolic
memory in BMDMs

RNA-seq was used to conduct gene transcription analysis
between BMDMs in MM and NG groups. Principal com-
ponent analyses (PCA) of the whole-genome expression
profiles showed that BMDMs in MM group were sepa-
rated from that in NG group (Fig. 4A). Compared to NG
group, BMDMs in MM group showed 2114 up-regulated
genes and 1505 down-regulated genes (Fig. 4B). These
comparisons presented that the conversion of BMDMs
in MM to that in NG is associated with large changes
in gene expression. Then, the function of differentially
expressed genes (DEGs) between BMDMs in different
groups was further investigated. Gene set enrichment
analysis (GSEA) revealed that processes associated with
IL-6 production, inflammatory response, innate immune
response and regulation of NF-kB response were acti-
vated in MM group; Similarly, signaling pathway asso-
ciated with NOD-like receptor signaling pathway, TNF
signaling pathway, HIF-1a signaling pathway and AGE-
RAGE signaling pathway in diabetic complications
were inhibited in NG group and activated in MM group
(Fig. 4C). Among them, inflammatory factors were signif-
icantly up-regulated in MM group and down-regulated
in NG group, including interleukins (IL-6, IL-1«, IL-1,
IL-7, etc.), chemokines (TNF, HIF-1a, CCL-2, CXCL-2,
etc.), proteases and regulators (MMP-3, MMP-9, USP-
25, etc.) (Fig. 4D). Since the expression of various proin-
flammatory factor genes were associated with BMDMs
in MM group, it’s important to find their underlying
mechanism.

Integrated analysis of RNA-seq and ATAC-seq of BMDMs in
hyperglycaemia-induced metabolic memory

Previously we investigated the difference of mRNA
expression profile between MM and NG groups through
RNA-seq. To investigate whether the transcriptional
changes of inflammatory factors observed above were
attributed to the dynamic alterations in chromatin struc-
ture and the epigenetic code that affected the accessibility
to cis-regulatory elements for transcription, we per-
formed integrative RNA-Seq and ATAC-Seq analyses. As
expected, the majority of peaks called were located near
a transcription start site (TSS) for all libraries (Fig. 5A).
As we have shown above, 210 genes with both increased
chromatin accessibility and up-regulated mRNA expres-
sion were identified; and 132 have both decreased
chromatin accessibility and down-regulated mRNA
expression (Fig. 5B). Next, we made a correlation analy-
sis of the expression levels and chromatin accessibility
of overlapping genes and detected a significant positive
correlation between the differential gene expression and
differential ATAC-seq signal (R=0.8; Fig. 5C). We also
made a gene-based heatmap using RNA expression level
and ATAC-seq signal and confirmed the reproducible
pattern; in addition, the results showed that the increased
differential accessibility regions were associated with
upregulated genes and that the decreased differential
accessibility regions were associated with downregu-
lated genes (Fig. 5D). Moreover, KEGG analysis of these
342 genes suggested that multiple terms were changed
in especially for inflammatory related pathways, such
as TNF signaling pathway, TGF-p signaling pathway,
HIF-1a signaling pathway. To identify candidate tran-
scription factors binding to the gained peak regions and
potentially regulating inflammation-related gene expres-
sion, motif analysis was performed. The top five enriched
TF binding motifs with gene expression in MM and NG
groups were shown in Fig. 5E. Through an analysis of
TFs in RNA-seq, five TFs were obtained and displayed in
the heatmap of mRNA expression; among them, BATF
and CEBPB were up-regulated in MM groups (Fig. 5F).
And as shown by western blot, a significantly increased
expression in CEBPB was observed in MM group, but
the expression of BATF in MM group had no significant
difference from that in NG group (Fig. 5G-H). To further
validate our findings, we collected bone tissue samples
from non-diabetic individuals, poorly controlled diabetic
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Fig. 5 Integrated analysis of RNA-seq and ATAC-seq in BMDMs with hyperglycemia-induced metabolic memory. A Distribution of ATAC-seq peaks
around TSS across all libraries. B Identification of 210 genes with increased chromatin accessibility and up-regulated mRNA expression, and 132 genes
with decreased chromatin accessibility and down-regulated mRNA expression. C A significant positive correlation between differential gene expression
and differential ATAC-seq signals. D Heatmap showing a reproducible pattern of increased chromatin accessibility correlating with up-regulated genes
and decreased accessibility with down-regulated genes. E Motif analysis identified top-enriched TF binding motifs in gained peak regions, suggesting
regulation of inflammatory gene expression. F Heatmap showing upregulation of BATF and CEBPB in MM group. G-H Western blot analysis showing in-
creased CEBPB expression in the MM group, while BATF expression remained unchanged. (Full-length blots/gels are presented in Supplementary Fig. 1D).
I-J Immunohistochemical detection of CEBPB in people with non-diabetic, poorly controlled diabetes and intensively controlled diabetes. The data were
analyzed using one-way ANOVA, followed by Tukey's post-hoc test J and Student’s t-test (H). Data are presented as the mean=SD. *p>0.05, *p < 0.05,

**p<0.01,***p<0.001

patients, and intensively controlled diabetic patients for
immunohistochemical detection of CEBPB. The results
indicated that, compared to non-diabetic patients, the
expression levels of CEBPB in bone tissue were signifi-
cantly increased in both well-controlled and poorly con-
trolled diabetic patients (Fig. 5I-]). Therefore, our results
indicate that increased expression of CEBPB may play
an important role in the existence of metabolic memory
phenomenon and its negative effect on fracture healing
in diabetes.

siRNA-mediated knockdown of CEBPB partially reverses
hyperglycaemia-induced metabolic memory in BMDMs
and its adverse effect on osteogenesis and angiogenesis
Numerous studies have reported that CEBPB plays a
critical role in regulating the function of macrophages.
And our aforementioned data demonstrated that increas-
ing the expression of CEBPB is associated with BMDMs
in hyperglycaemia-induced metabolic memory. To get
more insight into whether silencing CEBPB could reverse
hyperglycaemia-induced metabolic memory in BMDMs,
we utilized siRNA to silence CEBPB. Indeed, decreased
CEBPB, TNF-a and increased Arg-1 were observed in
MM group upon CEBPB silencing treatment (Fig. 6A-
D). We then determined the effects of silencing CEBPB
on the osteogenesis of BMSCs or the angiogenesis of ECs
in MM group respectively. The osteogenesis of BMSCs in
the co-culture medium from BMDMs treated by CEBPB
silencing in MM group was assessed via ALP stain-
ing, ARS staining and immunofluorescence staining. As
shown by ALP staining and Alizarin red staining, the
proportion of mineralization was increased by si-CEBPB
when compared with the control group (Fig. 6E-F).
Migration ability of HUVECs and quantitative analysis in
two groups revealed that silencing CEBPB promotes the
migration ability of HUVECs (Fig. 6G-H). And immu-
nofluorescence staining also showed that BMSCs cul-
tured in the co-culture medium from BMDMs treated by
CEBPB silencing in MM group expressed higher levels
of Runx2 and OPN (Fig. 6I). In the tube formation assay,
more branches and intact tubules were observed in the
silencing CEBPB of BMDMs (Fig. 6]-K). These dem-
onstrated that siRNA-mediated knockdown of CEBPB
partially reverses hyperglycaemia-induced metabolic

memory in BMDMs and its adverse effect on osteogen-
esis and angiogenesis.

CEBPB is associated with JAK1/STAT6 pathway when
BMDM:s in hyperglycaemia-induced metabolic memory
and delivering si-CEBPB to fracture sites using exosomes
can enhance diabetic fracture healing

The canonical JAK1/STAT6 pathway plays a key role in
macrophage polarization. Upon activation by external
stimuli, the JAK1 phosphorylates STAT6, leading to its
dimerization and translocation into the nucleus. There,
STAT6 induces the expression of genes involved in tis-
sue repair, anti-inflammatory responses which promote
M2 macrophage polarization. And extensive literature
has detailed that CEBPB inhibits JAK1-STAT6 path-
way activation, leading to impaired M2 polarization of
macrophages, causing a large number of macrophages
to remain in the M1 phenotype. Western blot analysis
revealed low expression of p-STAT6, p-JAK1 and JAK1 in
MM group when compared with NG group. Meanwhile,
si-CEBPB enhanced the expression of p-STAT6, p-JAK1
and JAK1, suggesting that CEBPB might be associated
with JAK1/STAT6 pathway when BMDMs in hypergly-
caemia-induced metabolic memory (Fig. 7A-F). And as
shown in Fig. 7G, a large number of BMDMs expressing
the M1 marker CD86 and iNOS were observed in the
metabolic memory group; however, this phenomenon
can be reversed by si-CEBPB. Based on the fact that exo-
somes efficiently deliver siRNA in vivo, si-CEBPB was
loaded into serum exosomes using modified calcium-
mediated transfection, as described in previous report.
To investigate whether the exosomes-delivered si-CEBPB
improve fracture healing, we performed the following
experiments. After the establishment of the diabetic frac-
ture model, PBS (Control), control siRNA/EXOs (Exo@
Cont-siRNA) or siCEBPB/EXOs (Exo@si-CEBPB) were
administered into fracture sites every two days. We fur-
ther observed a markedly decreased fracture gap and a
larger callus volume in Exo@si-CEBPB group compared
with Control and Exo@Cont-siRNA group (Fig. 7H-
I). Further analysis of BV/TV offered a similar result
(Fig. 7).
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Fig.6 siRNA-mediated knockdown of CEBPB partially reverses hyperglycemia-induced metabolic memory in BMDMs. A-D Western blot analysis revealed
that silencing CEBPB in MM group reduced the expression of CEBPB and TNF-a, while increasing the anti-inflammatory marker Arg-1. (Full-length blots/
gels are presented in Supplementary Fig. 1E). E-F ALP and ARS staining revealed enhanced mineralization in BMSCs co-cultured with BMDMs treated with
si-CEBPB in the MM group. G Immunofluorescence staining showed increased expression of osteogenic markers Runx2 and OPN in BMSCs in the co-cul-
ture medium from si-CEBPB-treated BMDMs. H-K Migration ability and tube formation of HUVECs suggest that silencing CEBPB promotes angiogenesis in
the MM group. The data were analyzed using Student’s t-test (B-E, H, K). Data are presented as the mean =SD, #p>0.05, *p < 0.05, **p < 0.01, **p < 0.001

Discussion

The present study investigates the role of hyperglycemia-
induced metabolic memory in BMDMs and its detrimen-
tal effects on fracture healing in diabetes. Our findings
underscore that the persistent pro-inflammatory phe-
notype of BMDMs, triggered by transient hyperglyce-
mia, plays a crucial role in the delayed fracture healing
observed in diabetes. This study highlights the impor-
tance of understanding the mechanisms of metabolic
memory in macrophages, specifically their impact on
osteogenesis and angiogenesis during bone repair in dia-
betic conditions.

In this study, we show that transient hyperglycemia,
even after glucose normalization, results in sustained
pro-inflammatory responses in BMDMs, leading to
impaired fracture healing. Our findings align with previ-
ous studies that have demonstrated the role of metabolic
memory in various diabetic complications, including ath-
erosclerosis, nephropathy, and cardiomyopathy [6, 26—
28]. In the context of bone repair, it has long been known
that diabetes negatively impacts osteogenesis and angio-
genesis, and the concept of metabolic memory provides
a mechanistic explanation for the persistence of these
effects even after blood glucose levels are normalized [29,
30].

The elevated levels of M1 macrophages in the fracture
sites of diabetic rats, observed in our study, provide fur-
ther evidence for the involvement of an altered immune
response in metabolic memory. These findings are con-
sistent with the literature, where increased numbers of
M1 macrophages have been linked to delayed wound
healing and impaired bone repair in diabetes [31, 32].
Macrophage polarization is a critical factor in the regu-
lation of inflammation and tissue repair, with M1 mac-
rophages being pro-inflammatory and M2 macrophages
promoting tissue regeneration. The imbalance in macro-
phage polarization, as shown in our study, disrupts the
repair process and may contribute to the pathophysiol-
ogy of diabetic fracture healing. Given the central role of
macrophages in tissue repair, numerous strategies have
been developed to modulate macrophage polarization
in favor of the M2 phenotype, including the delivery of
cytokines such as IL-4, application of metabolic regula-
tors like metformin, and use of immunomodulatory bio-
materials [33-35].

Our results indicate that BMDMs in metabolic mem-
ory inhibit osteogenesis in BMSCs, as evidenced by

reduced alkaline phosphatase activity, alizarin red stain-
ing, and lower expression of osteogenic markers such as
Runx2 and OCN. This is consistent with our previous
studies showing that hyperglycemia impairs osteoblast
differentiation and mineralization [11]. The co-culture
system used in this study reveals that the pro-inflamma-
tory cytokines secreted by metabolic memory-activated
BMDMs hinder the osteogenic differentiation of BMSCs,
a key process in bone healing. Moreover, our study dem-
onstrates that BMDMs in metabolic memory also impair
angiogenesis, a crucial process in fracture healing. The
reduction in endothelial cell migration, tube formation,
and downregulation of angiogenesis-related proteins,
such as VEGF and CD31, further underscores the nega-
tive impact of metabolic memory on the fracture healing
process. These findings align with those of earlier studies,
which have shown that diabetes impairs angiogenesis,
leading to delayed fracture healing [36]. The sustained
inflammatory environment created by M1-polarized
BMDMs likely contributes to a microenvironment that
is less conducive to the formation of new blood vessels,
which are essential for supplying nutrients and oxygen to
the healing bone.

A major contribution of this study is the identifica-
tion of CEBPB as a key mediator of metabolic memory
in BMDMs. Our results show that CEBPB expression is
upregulated in BMDMs exposed to transient hyperglyce-
mia, and this upregulation is associated with a persistent
pro-inflammatory phenotype. CEBPB is a transcrip-
tion factor known to play a critical role in macrophage
activation and inflammation [37]. Previous studies have
demonstrated that CEBPB regulates the expression of
pro-inflammatory cytokines in macrophages and con-
tributes to the pathogenesis of inflammatory diseases
[38]. Our data suggest that CEBPB is central to the
metabolic memory phenomenon in BMDMs, maintain-
ing an inflammatory state even after glucose levels are
normalized.

The significant role of CEBPB in modulating the
inflammatory response in BMDMs and its impact on
fracture healing is supported by recent literature. Stud-
ies have shown that inhibition of CEBPB in macrophages
can reduce inflammation and promote tissue repair [39].
Our siRNA-mediated knockdown of CEBPB partially
reversed the detrimental effects of metabolic memory
on osteogenesis and angiogenesis, providing compel-
ling evidence that targeting CEBPB may be a potential
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Fig. 7 CEBPB is associated with the JAK1/STAT6 pathway in BMDMs. A-F Western blot analysis revealed decreased expression of p-STAT6, p-JAK1, and
JAKT in the MM group compared to the NG group. si-CEBPB treatment restored the expression of these markers. (Full-length blots/gels are presented in
Supplementary Fig. 1F). G Immunofluorescence staining showed increased expression of M1 markers CD86 and iNOS in the MM group, which was re-
versed by si-CEBPB treatment. H-1 micro-CT, H&E, safranin O-fast green staining and Masson’s of the femurs showed that exosomes loaded with si-CEBPB
(Exo@si-CEBPB) had a significant reduction in fracture gap and increased callus volume compared to other groups. Quantitative analysis of BV/TV also
showed enhanced bone healing in the Exo@si-CEBPB group. The data were analyzed using one-way ANOVA, followed by Tukey’s post-hoc test J and

Student’s t-test (B-F). Data are presented as the mean +SD, *p>0.05, *p <0.05, **p < 0.01, ***p < 0.001

therapeutic strategy to improve fracture healing in dia-
betic patients.

Further investigation into the mechanism underlying
CEBPB’s role in metabolic memory revealed its interac-
tion with the JAK1/STAT6 pathway, which is crucial for
macrophage polarization. Our results demonstrate that
CEBPB inhibits the activation of the JAK1/STAT6 path-
way, thereby preventing the polarization of macrophages
toward the M2 phenotype. This finding is consistent with
studies showing that M2 macrophages, which promote
tissue repair and regeneration, are impaired in diabetic
conditions due to disrupted the signaling pathways [40].
By silencing CEBPB, we were able to enhance the activa-
tion of the JAK1/STAT6 pathway and shift the macro-
phage polarization towards the M2 phenotype, thereby
improving the healing process.

The therapeutic potential of targeting the JAK1/STAT6
pathway in diabetic fracture healing is supported by
recent studies that have highlighted its role in promoting
tissue repair and modulating the immune response. For
instance, Sun demonstrated that activation of the JAK1/
STAT6 pathway promotes M2 polarization and acceler-
ates wound healing in diabetic mice [41]. Our results,
showing the beneficial effects of si-CEBPB treatment on
fracture healing, suggest that enhancing M2 macrophage
polarization via the JAK1/STAT6 pathway could be a
promising approach for improving fracture healing in
diabetic patients.

An intriguing aspect of our study is the use of exo-
somes for targeted delivery of siRNA. Exosomes, as natu-
ral nanocarriers, have emerged as a promising vehicle
for drug delivery, including siRNA, due to their biocom-
patibility and ability to cross biological barriers [42]. In
this study, exosome-mediated delivery of si-CEBPB sig-
nificantly improved fracture healing in diabetic rats, pro-
viding a potential new therapeutic approach for treating
diabetic bone fractures. This finding is in line with recent
studies exploring the use of exosomes to deliver thera-
peutic molecules in various disease models, including
diabetic fracture healing [43].

Conclusions

In summary, our study demonstrates that BMDMs play
a pivotal role in the metabolic memory phenomenon in
diabetic fracture healing. The sustained pro-inflamma-
tory state induced by transient hyperglycemia contrib-
utes to impaired osteogenesis and angiogenesis, resulting

in delayed fracture healing. CEBPB is identified as a key
regulator of this process, and targeting CEBPB using
siRNA or modulating the JAK1/STAT6 pathway offers
potential therapeutic strategies. Additionally, exosome-
mediated siRNA delivery holds promise as an innovative
approach to enhance fracture healing in diabetic patients.
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